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Abstract The structural aspects of nucleosome assembly on 
telomeres are largely unknown. We analyzed by competitive 
reconstitution the affinities for the histone octamer of telomeric 
sequences from four different eukaryotic groups, Arabidopsis 
thattana, mammals, Tetrahymena, and Saccharomyces cerevi-
siae. All telomeres reconstitute in nucleosomes with lower 
association constants than average nucleosomal DNA. DNase I 
digestion analysis suggests a multiple translational positioning 
and the lack of rotational positioning, probably due to telomeric 
repeats length (in most cases 6-8 bp), out of phase with the DNA 
helical repeat on the nucleosome (10.2 bp). These results could 
partly explain the lack of nucleosomes on lower eukaryote 
telomeres, and suggest a high in vivo mobility of telomeric 
nucleosomes. 
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1. Introduction 
Telomeres are specialized nucleoprotein structures at the 
ends of eukaryotic chromosomes, essential for chromosome 
stability [1]. In most organisms, telomeric DNA consists of 
short repeated sequences from 20 bp (Oxitricha) to 100-150 
kb (mice). The similarity of telomeric sequences (consensus 5'-
Ci_8(A/T)i_4-3'), indicates a common evolutionary origin [2]. 
The G-rich strand is oriented 5'-3' towards the end of the 
chromosome, and often protrudes forming a single-stranded 
overhang [3]. Whilst the structural features of telomeric DNA 
have been characterized in vitro, by NMR and X-ray diffrac-
tion studies (for a review see [4,5]), less is known about the 
structural aspects of nucleosome organization on telomeric 
DNA regions. Tetrahymena and yeast telomeres seem to be 
organized in non-nucleosomal structures. In Tetrahymena 
macronuclei, the telomeric fragments protected from micro-
coccal nuclease digestion range from 200 to 800 bp, larger 
than that expected for nucleosomal protection [6]. In Saccha-
romyces cerevisiae, the subtelomeric regions (X and Y' re-
gions) are packaged in nucleosomes, having features charac-
teristic of transcriptionally inactive chromatin, such as 
hypoacetylated histones [7]. However, the terminal TG1-3 re-
peats are packaged as non-nucleosomal particles 245-395 bp 
long, called the telosomes [8]. 
In contrast to the telomeres of ciliates and yeast, micrococ-
cal nuclease digestion studies indicate that vertebrate and 
plant telomeres are packaged in nucleosomes [9-12], similarly 
to the rest of the chromosome. However, the linker region is 
shorter than in bulk chromatin, and telomeric chromatin 
seems to lack histone HI, although in chicken erythrocytes 
»Corresponding author. Fax: (39) (6) 4440812. 
E-mail: s.cacchione@caspur.it 
telomeric nucleosomes are associated with HI and H5 [13]. 
Furthermore, telomeric nucleosomal particles seem to be hy-
persensitive to micrococcal nuclease [10]. 
Although some peculiar features of telomeric chromatin 
seem to depend on the interactions of telomeres with specific 
proteins, such as RAP1 [8,14,15] or TRF [16], nevertheless it 
is reasonable to suppose that telomeric nucleosomes could be 
different from bulk nucleosomes on account of the smaller 
propensity to curve of telomeric sequences. This feature may 
be attributed to the sequence repeat length (less than 10 bp) 
that characterizes telomeric DNA in most biological systems. 
In this paper the different propensity of four different telo-
meric sequences to assemble in mononucleosomes compared 
to average sequence DNA was evaluated by competitive re-
constitution [17-19]; micrococcal nuclease (MNase) and 
DNase I were used to investigate some structural features of 
telomeric nucleosomes. 
2. Materials and methods 
2.1. Synthesis and cloning of telomeric sequences 
Oligonucleotides corresponding to a dimer of the telomeric repeat 
were chemically synthesized and purified on a 20% polyacrylamide/ 
urea gel. After phosphorylation by polynucleotide kinase, complemen-
tary strands were annealed by slow cooling from 80°C to 4°C. The 
strands were designed in order to have two 5' bp protruding after the 
annealing. The double stranded monomers were then ligated with T4 
DNA ligase; the multimeric ladders obtained were separated on a 
polyacrylamide gel. Fragments about 160-180 bp long were excised 
and eluted in TE (10 mM Tris pH 8, 1 mM EDTA). Purified frag-
ments were filled with Klenow enzyme and cloned into the Smal site 
of pUC18. Clones were screened by the alkaline lysis method and 
verified by dideoxy sequencing. Telomeric DNAs for the experiments 
were extracted from the plasmid with EcoRI and BamHl, gel purified, 
and 5'-labelled with polynucleotide kinase. 
2.2. Competitive reconstitution 
The procedure used for competitive reconstitution was that of Shra-
der and Crothers [17,18], with minor modifications. 1 μg of HI- and 
H5-depleted polynucleosomes, obtained from chicken erythrocytes 
[20], was mixed with 30 ng of radiolabeled telomeric DNA and var-
ious amounts of competitor DNA (calf thymus DNA digested with 
HaellT) in 1 M NaCl, 10 mM Tris-HCl pH 8, 0.1% Nonidet P I^O, 100 
μg/ml BSA (bovine serum albumin), in a final volume of 20 ul. After 
incubation at room temperature for 30 min, the salt concentration 
was lowered to 0.1 M NaCl with three additions of 60 μΐ 10 mM 
Tris pH 8, 0.1% Nonidet P40 (30 min apart, room temperature). 
Chicken erythrocytes mononucleosomal DNA (about 165 bp) was 
terminally labeled and reconstituted under identical experimental con-
ditions. Samples were resolved on 5% polyacrylamide gels. The rela-
tive quantities of complexed and free DNA were assayed either by 
scanning dried gels with an Instant Imager (Packard) or by excising 
and quantifying the radioactive bands in a scintillation counter. The 
free energy for a given telomeric sequence (Tel) was calculated from 
the equation £(Tel) = J?71n[a(Nuc)]-Ä71n[a(Tel)], where a(Nuc) is 
the ratio of labeled reconstituted nucleosome to labeled free DNA 
for mononucleosomal DNA, and a(Tel) is the analogous ratio for 
telomeric sequences [17-19]. Each fragment was reconstituted in three 
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Fig. 1. Competitive reconstitution experiment of the telomeric fragments reported in Table 1. Letters at the bottom of the gel indicate the ori-
gin of the DNAs used in the experiment (A, Arabidopsis; M, mammals; T, Tetrahymena; Y, yeast). Lanes 1, 5, 9, 13, free DNA; lanes 2, 6, 
10, 14, reconstituted samples without added competitor DNA; lanes 3, 7, 11, 15, samples reconstituted with 1 μg competitor DNA; lanes 4, 8, 
12, 16, samples reconstituted with 2 μg competitor DNA. 
separate experiments and the results were averaged. The reproducibil-
ity of the experiments was within ~0.1 kcal/mol. 
2.3. Micrococcal nuclease assay 
Telomeric DNAs for the MNase assay were internally labeled by 
30-cycle PCR amplification in the presence of [a-32P]ATP (dATP/[a-
32P]ATP molar ratio equal to 125). A 19-mer (TTGGGAAACAGC-
TATGACCAT) and a 21-mer (ACAGGAAACAGCTATGACCAT), 
which hybridize outside the polylinker region of pUC18, were used as 
primers. Amplification products were then digested with EcoRl and 
BamHl, and purified on a 5% native polyacrylamide gel. For the 
reconstitution reaction 1.2 μg of histone octamer was mixed with 50 
ng of labeled DNA and 1.3 μg of chicken erythrocyte nucleosomal 
DNA in 1 M NaCl, 10 mM Tris-HCl pH 8, 0.1 mM EDTA, 0.1% 
Nonidet P-40, 100 μg/ml BSA, in a final volume of 10 μΐ. After 
incubation at room temperature for 30 min, the salt concentration 
was lowered to 50 mM NaCl with additions of 5, 10, 25, 50, and 
100 μΐ 10 mM Tris pH 8, 0.1 mM EDTA, 0.1% Nonidet P40 (10 
min apart, room temperature). CaCl2 was then added to a final con-
centration of 3 mM. The mixture was preincubated for 5 min at 37°C, 
and MNase was added to a final concentration of 1 U/ml. Aliquots 
(50 μΐ) were removed at various times and stopped with an equal 
volume of 20 mM EDTA, 0.2% SDS. Samples were phenol extracted 
and ethanol precipitated. Pellets were resuspended in 5 μΐ loading 
buffer and run on a 5% native polyacrylamide gel. 
2.4. DNase I assay 
To 5'-label only the G-rich strand, the plasmid containing Arabi-
dopsis telomeric DNA was digested with BamHl, 5' end-labeled with 
polynucleotide kinase, digested again with EcoRl, and gel purified. 
DNA fragments were reconstituted as described in Section 2.3. After 
reconstitution, MgCl2 was added to a final concentration of 5 mM. 
Samples were then digested for 1 min at 25°C with 1-4 U/ml (free 
DNA) or 10-40 U/ml DNase I (reconstituted complex) in a 50 μΐ total 
volume. The reactions were stopped by adding 50 μΐ of 20 mM 
EDTA, 0.2% SDS. After extracting with phenol/chloroform, DNA 
was precipitated with ethanol in the presence of 1 μg tRNA. Pellets 
were washed with 75% ethanol, air dried, resuspended in 4 μΐ sequen-
cing loading buffer, and run in a 6% polyacrylamide-urea gel. Gels 
were dried under vacuum and autoradiographed. Autoradiographs 
were scanned with a BioRad GS-670 Imaging Densitometer. Lanes 
from the same autoradiograph, equivalent in extent of digestion and 
band intensity, were used for the calculations of difference probability 
plots. The same procedure was used for experiments on the C-rich 
Table 1 
Telomeric sequences used in competitive reconstitution experiments 
DNA Monomer Sequence Ligated Polymer 
Arabidopsis thaliana 
Mammals (GGTTAGGGTTAG)15 
5 i GGTTTAGGGTTTAG 3' (GGTTTAGGGTTTAG) 13 
3' AAATCCCAAATCCC 5' 
5· GGTTAGGGTTAG 3' 
3" AATCCCAATCCC 5' 
Saccharomyces cerevisiae 5' GGTGTGTGGGTGTGTG 3' (GGTGTGTGGGTGTGTG)IO 
3' ACACACCCACACACCC 5 * 
Tetrahymena 5' GGTTGGGGTTGG 3' (GGTTGGGGTTGG)14 
3 · AACCCCAACCCC 5 ' 
Monomers correspond to dimers of the telomeric repeats. The strands were designed 
to have 5' two bp protruding. 
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strand (not shown), digesting first with EcoRI and then with BamHl 
(after labeling). The experiments were repeated at least three times 
with identical results. 
3. Results 
3.1. Competitive nucleosome reconstitution of telomeric 
sequences 
Telomeric sequences from four different eukaryotic groups, 
Arabidopsis thaliana [21], mammals [9], Tetrahymena [6], and 
Saccharomyces cerevisiae [14], were synthesized and multimer-
ized by ligation, in order to obtain telomeric DNA fragments 
about 170 bp long (Table 1). Arabidopsis telomeric sequence 
also represent tobacco telomeric repeats [12], maize [22] and 
barley [23]. TTAGGG corresponds to all vertebrate telomeres 
sequenced to date [11] and to some fungi like Neurospora [24] 
and slime molds like Physarum [25]. The yeast sequence cor-
responds to the binding domain of Rapl protein [14]. 
To evaluate the propensity of different sequences to form 
nucleosomes, a competition for a limited number of histone 
octamers is established between radiolabeled test DNA and 
unlabeled, heterogeneous-sequence DNA. The fraction of la-
beled DNA present in the nucleosomal band depends on the 
intrinsic ability of that sequence to reconstitute in nucleo-
somes compared to bulk DNA (Fig. 1). To be sure that equi-
librium is reached under the assay conditions, control recon-
stitutions were carried out in which a radioactive fragment 
was initially added either as free DNA or in nucleosomal 
complex. The final nucleosome/free DNA ratio was the 
same in the two cases, showing that equilibrium was reached 
(data not shown). Increasing incubation times to 1 h did not 
affect the percentage of DNA incorporated in nucleosomes 
(not shown). Free DNA and nucleosomal complex were sepa-
rated on a polyacrylamide gel (Fig. 1). The relative fractions 
of labeled DNA in the nucleosomal and free DNA bands were 
used to calculate the free energy difference of nucleosome 
formation on telomeric sequences relative to average nucleo-
somal DNA. The results are shown in Table 2. All telomeric 
sequences tested show positive free energy values compared to 
average nucleosomal DNA, corresponding to lower tendencies 
to reconstitute. The free energy differences range from 1.10 
kcal/mol for A. thaliana telomeric DNA to 2.00 kcal/mol for 
Tetrahymena. In the literature there are no reported se-
quences, either natural or synthetic, with such a low propen-
sity to form nucleosomes. In the case of Tetrahymena telo-
meric sequence, the difference with a strong nucleosome 
binder such as the Xenopus borealis somatic 5S rRNA gene 
is 3.75 kcal/mol [26], and in the case of the synthetic sequence 
named TG from Shrader and Crothers [17] the difference is 
4.85 kcal/mol. These results can be related to the nucleosomal 
Table 2 
Comparative reconstitution free energies 
DNA 
Arabidopsis thaliana (GGGTTTA)26 
Mammals (GGGTTA)30 
Saccharomyces cerevisiae (GGTGTGTGfeo 
Tetrahymena (GGGGTT)28 
Mononucleosomal DNA 
AAG (kcal/mol) 
1.10 
1.35 
1.60 
2.00 
~ 0 
Reconstitution free energies measured for the four telomeric sequences 
examined. All energies are relative to the fraction of mononucleoso-
mal DNA that is reconstituted into nucleosomes under identical con-
ditions. 
Free DNA Nudeosome 
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Fig. 2. Micrococcal nuclease digestion analysis of nucleosomes re-
constituted on telomeric DNA. Naked A. thaliana telomeric DNA 
(lanes 2-4) and reconstituted cores (lanes 5-9) were digested with 
1 U/ml of micrococcal nuclease for 0, 1, 3 min (naked DNA, lanes 
2-4), and 0, 1, 3, 6, 10 min (reconstituted samples, lanes 5-9). M 
(lanes 1, 10) is a molecular weight marker (pUC18 cut with Ηραΐΐ). 
DNA pathway around the histone octamer. Satchwell et al. 
[27] showed that different dinucleotides occupy preferentially 
different locations in the DNA wrapped around the histone 
octamer, and exhibit a periodic modulation which corre-
sponds to the DNA period on the nucleosome, which is, on 
average, 10.2 [28]; A/T-rich sequences preferentially occur at 
sites where the minor groove faces toward the protein, 
whereas G/C-rich sequences preferentially occupy positions 
where the minor groove points outward. The sequence repeat 
length of telomeres is in most cases 6-8 bp; therefore, telo-
meric sequence repeats are out of phase with nucleosomal 
helical repeats. As a consequence, at some points sequences 
that would be energetically favored in occupying inward fac-
ing minor groove positions will be forced to point outward, 
resulting in a increase of nucleosome formation free energy. 
3.2. Micrococcal nuclease digestion reveals a canonical 
nucleosome length 
Naked and reconstituted A. thaliana telomeric DNA were 
treated with MNase for increasing times. The results are 
shown in Fig. 2. Naked DNA was rapidly degraded by 
MNase (lanes 2-4), whereas reconstituted DNA was trimmed 
to a fragment of about 147 bp (lanes 5-9). A small degrada-
tion is visible only after prolonged digestion (lane 9). This 
result indicates that telomeric nucleosomes are similar to 
bulk nucleosomes, showing the canonical protection of about 
146 bp (Fig. 2). In vivo experiments [9,10] show an increased 
MNase sensitivity of telomeric regions compared to bulk nu-
cleosomes. A similar hypersensitivity does not emerge from 
our experiments, suggesting that the enhanced degradation 
found in vivo could not depend on an increased sequence-
dependent accessibility to MNase. However, a more extensive 
analysis is necessary to conclusively check this point. 
3.3. Multiple nucleosome translational positioning without 
rotational phasing 
A predictable consequence of telomeric sequence repeat 
length is the lack of rotational positioning. We studied this 
feature by DNase I digestion analysis, since this enzyme is 
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Fig. 3. DNase I digestion analysis. A: Autoradiograph of the DNase I cutting on the G-rich strand of Arabidopsis telomeric DNA. Free DNA 
was digested with 2 U/ml DNase I and the reconstituted complex with 20 U/ml for 60 s. A+G cleavage was carried out according to Maxam 
and Gilbert [30]. B: Densitometric profiles of the DNase I cleavage sites in free (thick line) and complexed DNA (thin line). At the bottom of 
the figure, the difference probability plot is reported. The plot was calculated by subtracting the In (probability of cutting, P) at each individual 
bond in free DNA from those in the reconstituted complex. Therefore, negative values represent protected positions. The scale on the left is in 
units of ln(probability). C: Enlarged section of the densitometric profiles from 39 to 60 nt. 
well known to provide information on helical periodicity of 
DNA-protein interactions. In Fig. 3A, the cleavage patterns 
of naked and reconstituted A. thaliana G-rich strand telomeric 
DNA are shown. Both in the free DNA and in the complex 
pattern a cutting periodicity of 7 bp was found, reasonably 
depending on DNase I sequence specificity. An underlying 
periodicity of about 10 bp is not detectable. This suggests 
that nucleosomes are distributed all along the sequence with-
out particular preferred positions. Similar indications emerge 
from the C-rich strand DNase I footprinting and from exo-
nuclease III digestion (data not shown). When complexed 
with the histone octamer, the bands corresponding to the 
central region of the fragment are depressed compared to 
the free DNA pattern (Fig. 3A,B). If the logarithm of the 
DNA versus nucleosome cleavage frequency is considered 
(Fig. 3B, bottom), a bell-shaped curve emerges, having nega-
tive values in a 70 bp central tract; this region should be 
occupied by every nucleosome formed on the telomeric se-
quence, causing the DNase I protection observed. As it is 
possible to observe in the enlarged section (Fig. 3C), bases 
are not equally cleaved by DNase I in naked DNA and nu-
cleosome, suggesting the interesting presence of different local 
geometrical parameters in naked as well as in reconstituted 
telomeric DNA. To obtain further information on this point 
the DNase I cutting patterns of different telomeric sequences 
and their nucleosome complexes are under investigation. 
4. Discussion 
We find that the telomeric sequences examined, which rep-
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resent a great number of organisms, reconstitute in nucleo-
somes with a remarkably low affinity; moreover, at least in 
the case of A. thaliana, telomeric nucleosomes occupy multiple 
positions without rotational phasing. The telomeric sequences 
from yeast and Tetrahymena, which are relatively short and 
do not form nucleosomes in vivo, show the highest positive 
values of free energy differences compared to average nucleo-
somal DNA. The lack of nucleosomes from yeast and Tetra-
hymena chromosome ends could be a consequence of the 
shortness (300-400 bp) of the telomeric sequences; this makes 
it unlikely that specific nucleoprotein structures and nucleo-
somes could occur contemporaneously. Anyway, the forma-
tion of specific nucleoprotein complexes instead of nucleo-
somes could be favored by the remarkably low affinity for 
the histone octamer of their telomeric sequences. By contrast, 
in multicellular eukaryotes telomere lengths range from a few 
[21] to 150 kb [11]; it is hkely that only the very ends of 
multicellular eukaryote telomeres may be organized in a 
non-nucleosomal nucleoprotein structure. Nucleosomes and 
specific end-capping nucleoprotein structures could form con-
temporaneously on higher eukaryote telomeres, with nucleo-
somes extended over the proximal part of telomeres. In addi-
tion, nucleosome formation on A. thaliana and mammals 
telomeres could benefit from higher sequence-dependent affin-
ities for the histone octamer compared to yeast and Tetra-
hymena. 
Our data suggest the possibility of an easier nucleosome 
sliding over telomeric sequences than bulk DNA. As shown 
by Meersseman et al. [29], even strongly positioned nucleo-
somes are characterized by histone octamer mobility among 
multiple positions having the same rotational settings. The 
low affinity for the histone octamer and the lack of rotational 
positioning of telomeric nucleosomes should imply a high nu-
cleosome mobility, at least in the case of higher eukaryotes. 
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